This study of attenuation of Modified Mercalli intensity in New Zealand earthquakes used a carefully selected set of isoseismal maps from 30 events with magnitudes ranging from ML= 5.0 to Ms = 7. 8, and depths ranging from very shallow to 65 km.
A REVISION OF ATTENUATION RELATIONSHIPS FOR MODIFIED MERCALLI INTENSITY IN NEW ZEALAND EARTH-QUAKES D. J. Dowrick 1 SUMMARY
This study of attenuation of Modified Mercalli intensity in New Zealand earthquakes used a carefully selected set of isoseismal maps from 30 events with magnitudes ranging from ML= 5.0 to Ms = 7. 8, and depths ranging from very shallow to 65 km. A completely revised set of magnitudes was used.
A two-step stratified regression analysis was used to evaluate the coefficients of the expression for intensity I = a + bM + er + dlog 10 r where r is the mean slope radius corresponding to the distance from the isoseismal to the centroid of the fault rupture surface. The resulting expressions model events of all depths very well, and completely revise the attenuation curves of earlier work done in the 1970 1 s in which depth was not taken into account.
The earlier proposals for regional variations in attenuation were not substantiated, the apparent differences for most of the country being explained by the effects of depth and source mechanism rather than path characteristics. The attenuation character of the Central Volcanic Region and Fiordland remain to be properly established. Attenuation of intensity in New Zealand was found to be very similar to that for Turkey, the two regions being dominated by strike-slip faulting.
1
INTRODUCTION earthquakes needed to be re-assessed on a consistent basis. This necessary first step has recently been completed using the surface-wave scale [6, 7] . In addition the New Zealand Seismological Observatory had revised the estimated local magnitude ML for most of the events of interest since 1956, as reported elsewhere [6) .
Together these newly available Ms and ML values differ in all but three cases from the values available to Smith.
The subjective felt intensity scales remain a valuable, indeed necessary, measure of strength of ground shaking in earthquakes despite the growth in numbers of strong-motion accelerographs in recent decades.
For many years it has been the practice in New Zealand to use the Modified Mercalli (MM) scale, slightly adapted in 1965 to suit New Zealand conditions as described by Eiby [1, 2) .
The attenuation of MM intensity in New Zealand earthquakes was investigated in the mid-1970's by Smith [3, 4] and less comprehensively by Walley [5] . Some subsequent earthquakes have suggested that Smith's attenuation models needed to be reviewed, in particular with specific examination of the effects of depth and source mechanism, and a review of the magnitudes of the events in the data set. In recent years it had become obvious that the magnitudes of New Zealand's larger 1 Department of Scientific and Industrial Research, Lower Hutt, New Zealand (Member, NZNSEE) The attenuation of intensity, I, may be expressed in the following form I = a + bM + er + d log 10 r
(1) where a, b, c, d are coefficients, M is magnitude, and r is the mean radius (in km) of the isoseismal for intensity I.
Here r is taken as the distance to the effective energy centre at effective depth h 8 defined later.
Equation (1) is a form of expression previously used for attenuation of intensity, eg Ambraseys' study ( 8, 9] in Joyner and Boore's study [10) of Californian ground motion recordings.
EVENTS STUDIED
For this study the basic data were selected isoseismal maps of events for which instrumentally determined (ie 20th Century) magnitudes were available.
The maps came from various sources, ie NZ Seismological Observatory annual reports, papers on specific earthquakes , and unpublished maps prepared by GA Eiby of the NZ Seismological Observatory. The isoseismals had to be reasonably complete and be adequately supported by local intensity observations.
At least four isoseismals per event were desirable for establishing the shape of the attenuation curve over as great a distance as possible.
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The mean radius r for any given isoseismal was found as the average of the radii along 16 points of the compass as shown in Figure  1 These minimum requirements for using incomplete isoseismals resulted in the rejection of most of those event maps where the epicentre was offshore. For example the earthquake of 27 December 1961 (Figure 2 ) had its centre obviously too far offshore for determining half the isoseismal pattern. The 10 May 1962 earthquake ( Figure 3 ) was a marginal case, there presumably being just under half of the isoseismals, as the epicentre (reasonably well-determined) was just offshore from the relatively straight coastline of the south Island.
Two other marginal cases were the 30 January 1956 and 31 May 1977 earthquakes which were included despite having offshore epicentres. The reasons for their inclusion are discussed later (see Central Volcanic Zone, Section 3. 1) .
The above selection criteria resulted in 30 events with adequate isoseismal maps being chosen for the final regression analyses, the epicentral locations being plotted on Figure 4 . The main characteristics of these events are listed in Table 1 , where the magnitudes are seen to range from ML= 5.0 to Ms= 7.8. Ideally the magnitude used in equation (1) would be moment magnitude Mw, but Mw was available for only seven of the 30 events. Hence Ms or ML was used as shown in Table 1 . As discussed elsewhere [7] , for shallow New Zealand events Ms is better that ML as a measure of earthquake size for M ~ 6. In practice I have adopted the larger of Ms and ML where good values of both were available.
We note that the isoseismals on the unpublished maps (Events 1-10 in •~Jo'£? Legend Ms 7.0 + Ms or ML 6.0 · 6.9
Ms and ML~ 5.9 Event No. in Table 1 45° 46° Because New Zealand earthquakes originate at widely varying depths, so as to express attenuation in terms of a consistent measure of travel path length, it was decided to base the attenuation expression on distance from the centre of energy release.
FIGURE 4 EPICENTRES OF EARTHQUAKE FROM
The depth of the latter is here termed the effective depth he, which may be approximated as the depth of the centroid of the rupture surface, defined generally (for upwards rupturing faults) simply as (2) where his the focal depth (from Table 1 ), and wz is the width of the vertical projection of the rupture surface. In a few cases it was assumed that he= h [7] . Thus the radius r in equation (1) becomes r = (rh 2 + he 2 l½ (3) where rh is the horizontal distance in kilometres from the isoseismal I to the centre of the isoseismal pattern.
The mean horizontal radii rh for all isoseismals are given in Table 2 , together with the preferred value of he for the 30 events used in the regression analyses. The sources of the depths and uncertainties have been further discussed elsewhere [7] . It is noted that the radius for MMlO for Event No. 3 given in Table 2 has been revised to about half that on the existing map due to a review of landslide evidence which had earlier been misinterpreted (G Hancox et al, DSIR, Lower Hutt, pers. comm. 1990 ). Values of epicentral intensity I 0 were included for a few events, where they could reasonably be inferred.
These extra data were hoped to enrich the data set, but were found to have no substantive effect on the results, although their inclusion was preferred.
RESULTS OF REGRESSION ANALYSES
As described elsewhere [21] , the coefficients in equation (1) were evaluated using a two-step multiple regression analysis of the type preferred by Joyner and Boore [22] .
Analyses were made of various selections of the events described in Tables  1 and 2 , examining the significance of the following factors: source mechanism regional variation depth.
The study of source mechanisms showed that the events having Normal and strike-slip fault mechanisms had no significant difference in attenuation behaviour, but that events with reverse fault mechanisms gave rise to intensities which were several percent higher than those of Normal and 215 Strike-slip events for the same magnitude and distance.
This part of the study has been described in detail elsewhere [21] , and produced the following mean regression curves: N + SS fault mechanisms: I= 2.18+1.411M-0.00439r-2.709log 10 r (4)
Reverse fault mechanisms: I= 3.42+1.369M-0.00449r-3.037log 10 r
These expressions were derived from data with magnitudes in the range ML= 5 to M 8 = 7. 8 and distances rh s 500 km, and hence should be used with caution near either end of these ranges. The significance of regional variation and depth are considered in turn below.
Regional Variations in Attenuation
The analyses of earthquakes in different parts of New Zealand carried out earlier by Smith [ 3, 4] suggested to him that attenuation was different in three regions A, Band C shown in Figure 4 .
Recently he has proposed [23) a further subdivision (not shown here) of the northern part of Region B which includes the Central Volcanic Zone (CVR).
As mentioned earlier Smith did not consider the depth or focal mechanism of the earthquakes in his data set.
Let us now compare the attenuation of the events located in Regions A and B, considering only Normal and Strike-slip mechanisms which have been shown elsewhere [21) to have virtually identical attenuation expressions.
For the regression analyses, for Zone A we use Events 7, 9, 14, 19, 25 and 30, which data set has a mean magnitude M = 6.3 and a mean depth he= 20 km, while for Zone B we use Events 7, 11, 13, 15 and 26 which data set has a mean magnitude M = 6.0 and mean depth he= 17 km.
Using the t-test it was found that difference between the resulting attenuation expressions for Zones A and B was not statistically significant. Now turning to Smith's Region c, because it is in the mountainous south-west corner of the country (Figure 4 ) the inner isoseismals are poorly determined due to unpopulated mountainous terrain, and the outer isoseismals are very incomplete. Hence only two Events (8 and 18) were found which had maps with four isoseismals which satisfied the rules of adequacy described in Section 2.0 (indeed Event No. 8 was only marginally acceptable). As two events do not enable us to obtain a regression expression of adequate robustness, it was decided instead to compare the data from these events with expressions derived from appropriate events chosen from the rest of the data set.
As Event No. 8 has depth he = 60 km, it was compared with a regression of a set of deeper events with depths 30 shes 65 (ie, Events 7, 10, 13-16, 21), and Event No. 18 has depth he= 35 km so it was compared with a set of events with depths 22 s he s 43 (ie, Events 7, 10, 13-15, 25).
In Figure 5 the mean regression curve drawn for (M = 7, he= 60) is compared with the I, r data points for Event No. 8, and the curve for (M = 6.2, he= 35) is compared with the 
FIGURE 5 PLOTS OF ISOSEISMAL RADIUS DATA FOR EVENTS 8 AND 18 FROM REGION C (SEE FIGURE 4), COMPARED WITH MEAN REGRESSION MODELS OF CORRESPONDING M, he DERIVED FROM APPROPRIATE DATA SET FROM THE REST OF THE COUNTRY (EXCEPT CVR).
I, r data points for Event No. 18. The curves and data points for both these events are obviously very similar. The isoseismal maps for both events also suggest that the epicentral intensity (at say rh = 2 km) would be about MM7, again the same as given by the regression curves. (These two events are also modelled well by equations (4) and ( 5) which are based on larger data sets.) Thus these two events suggest that the attenuation in Region C is likely to be the same as the rest of the country.
However, more evidence is required to enable firm conclusions to be drawn.
Next we turn our attention to the Central Volcanic Region in the North Island ( Figure  4) .
Here we again have few good data. Of the three events (Nos. 12, 28, 29) listed as CVR events, No. 12 and No. 28 both have offshore epicentres so that the isoseismal radii given in Table 2 are less certain than desired.
As noted in section 2 these two events were marginal for adequacy, but were included in the hope that they might help give some indication of attenuation rates in the CVR. As noted in Table 2 the isoseismal data for Event 12 has been supplemented by including an estimated epicentral intensity Io~ 9 at rq = 2 km in an attempt to improve the analysis.
The Edgecumbe earthquake (Event 30) was a marginal fourth contender for CVR membership, as it was located on its boundary. However it was excluded from the CVR and has been shown elsewhere [ 21] to conform well to the attenuation pattern of the rest of the country.
A regression analysis of the data from the three events (12, 28, 29) was carried out, but gave unsatisfactory results, both with and without the inclusion of the I 0 data point for events 28 and 29.
So, as with Region C above, the I, r data of the three events were compared with attenuation curves of appropriate M and h 9 derived data from shallow N+SS events from the rest of the country, equation (4). The results of this comparison were not very conclusive. Event No. 28 data points matched the model curve quite well while Event No. 29 data points (the most reliable of the three events) indicated a more rapid rate of attenuation than that given by the model curve ( Figure  6 ). This difference in attenuation rate from the rest of the country is likely to be due to anelastic attenuation, and is of a similar value to that found earlier for the CVR by Haines [24] .
It is clear however that more data is required before the intensity attenuation rate in this region can be properly assessed.
Depth and Magnitude Effects
The effects of magnitude and depth changes on attenuation are illustrated by plotting curves for events of two depths for both M = 5 and M = 7.5, using the expression for N+SS events, equation (4). The increase in magnitude from M = 5 to M = 7.5 causes an increase in intensity of 3-4 units over the full distance range shown on Figure 8 .
We also see that an increase in depth from h~ = 8 to 45 km decreases the central intensity by approximately 2 units from MMlO to MM8
for M = 7.5 events, denoting a change from a strongly damaging to a modestly damaging event.
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' .. is at the lower limit of engineering interest, having a central intensity of only MM7. If such an event was of he= 30 km the maximum intensity on average would be only MM5.
3 comparison of Event Regression curves

Data with
In Figure 8 we plot the isoseismal radii for the relatively deep Strike-slip Event No. 16 with its appropriate mean curve for M = 6.2 and h~ = 50 km derived from equation (4). In this example, we see that the model and the five data points match very well, and note the maximum local intensity reported in this earthquake was MM6 which also conforms with the central intensity of the model. As seen on Figure 4 this event was centred well inland and the centre of the isoseismals was well determined. By contrast we will now consider the 1962 Westport earthquake which had an offshore fault rupture ( Figure 3 ) and was considered to be only marginally acceptable for use in the regression analysis ( as discussed in Section 2) .
As seen in Figure 9 the outer four isoseismal data points lie very close to the mean regression curve for this reverse fault event derived from equation (5) using M = 5.9 and he 8 km, but the two inner isoseismals (MM6, MM7) show moderate deviations from the mean line.
As may be seen from Figure 3 these inner isoseismals are susceptible to relatively large errors when estimating their mean radii, because their "true" shape is known for perhaps only 100-120° of arc about the real but uncertain 221 centre ( instead of the desired minimum of 180°).
We now compare the isoseismal data for an event with uncertain fault mechanism, ie, the 1976 Korakonui earthquake (Event 27) of M = 5.1 and he= 3 km.
The earthquake was thought equally likely to be of Reverse or Strike-slip fault mechanism, so in Figure 10 we compare the appropriate mean curves from equations (4) and (5) with the data points. At the time of its occurrence the intensities of this earthquake were thought to be anomalously high [14) . However, with the benefit of our new attenuation relationships, it is evident from Figure 10 that this would not be the case if the event had a reverse fault mechanism. We note that the isoseismal map [14) had a small isoseismal for MM8 (of c. 5 km radius) but which was very much off centre.
It was evidently a local microzoning effect and not part of the main attenuation pattern, and hence is not plotted in the figure.
4 comparison of Attenuation Zealand and Turkey in New
Turkey is a tectonic region which, like New Zealand, is dominated by strike-slip faulting.
Ambraseys [8, 9) had studied the attenuation of intensity in Turkey for events with focal depths~ 15 km, using the same form of expression used here.
The Turkish intensity data is in the MSK scale which conveniently is essentially directly equivalent to the MMI scale.
Inverting Ambraseys' equation ( 1) for Turkey [ 8) we have As equation (6) includes events of all source mechanisms, to obtain a quick and reasonably accurate comparison with attenuation in New Zealand let us assume that one third of the Turkish events were of predominantly reverse fault type.
The New Zealand expression for this mixture of source mechanisms was found (approximately) by merging equations (4) and (5) weighted% and¼ respectively, resulting in I= 2.59+1.40M-0.0044r-2.82log 10 r
Equations (6) and (7) should thus represent reasonably comparable data bases from Turkey and New Zealand, and attenuation curves for M = 5.5 and 7.0 with he= 5 km are plotted for both regions in Figure 11 (he = 5 km corresponds approximately to the mean effective depth of the focal depth range for Ambraseys' Turkish data noted above). It is clear that Figure 11 shows that attenuation in New Zealand and Turkey is very similar, which in view of the similar geological regimes, gives mutual support to these two independent studies.
ISOSEISMAL SHAPE
In the 1970's Smith [3,4) examined the shapes of the isoseismals which he approximated to ellipses, and found values for the ratio a/b where a and b are the semi-diameters of the major and minor axes respectively.
He plotted the geographical distribution of these ratios.
I have made a preliminary examination of the isoseismal shapes and find that no convincing systematic pattern may be readily described. Further study of this factor is proposed for a later date. [25, 26) and the Wairarapa earthquake of 1855 January 23 [27) . Taking the depth and source mechanisms into account my best estimates of the magnitudes of these events are M :::: 7. 9 and 8. 4 respectively. These values are considerably greater than earlier magnitude estimates as shown for comparison in Table 3 .
Such estimates of the magnitudes of these two earthquakes should be treated with caution, because (a) they are derived from isoseismal maps based on sparse data in the early days of European settlement of New Zealand, and (b) they involve extrapolation from the magnitude range of the data on which equations (4) and (5) were based. Also given in Table 3 This study involved the use of a completely revised set of magnitudes for all the events in the data base, and included studies of the effects of depth, source mechanism and regional location. The attenuation expression used was of the form I= a+ bM +er+ d log 10 r where r is the slope distance from the isoseismal to a point below the centre of the isoseismal pattern at the effective depth he of the centroid of the fault rupture surfaces.
The conclusions reached were as follows:
1
The findings of this study completely revise the results of earlier studies.
2 Depth was shown to have a major influence on the resulting attenuation expressions, which worked well for all events in the data set which had events of effective depths he~ 65 km. The attenuation of intensity in New Zealand was found to be very similar to that of Turkey, the two regions being dominated by strike-slip faulting.
The attenuation expressions found in this study may be inverted to estimate the magnitude of early earthquakes for which instrumental magnitudes are unavailable. Estimates made in this way gave M "" 7. 9 for the 1848 Marlborough earthquake and M "" 8. 4 for the 1855 Wairarapa earthquake.
These estimates involve some extrapolation from the data base, but are markedly larger than previous estimates made in the same way. Vol. 20, pp577-596, 1991. N N AMBRASEYS, "Engineering seismology " , Earthquake Eng. Struct. Dynamics, Vol. 17, ppl-105, 1988 
